450 parts per million, which may lead to a global average temperature increase of 4 degrees Celsius (Anderson and Bows 2008) . A 4-degree temperature change could cause the collapse of essential regional ecosystems (Lenton et al. 2008) . In a warmer world, people's living conditions will be seriously challenged. Global food security is expected to worsen as a result of climate-related drought and weather-related extremes (IPCC 2007) , compounded by a world population that is estimated to reach 9 billion by 2050. For these reasons, climate change poses the greatest problems for people who are already coping with marginal conditions. Land-use change is one of the major challenges that societies will have to grapple with in a warmer world. The area of degraded or marginal lands is estimated to increase by 17% over coming decades as a result of global warming (World Bank 2007) .
The urgency of climate change calls for a scientific, technological, and political revolution in the next 50 years and beyond. As Nordhaus and colleagues (2008) noted: " [To] succeed in slowing or even reversing climate change, our economies will need radically new technologies that are economical, environmentally benign, and virtually carbon neutral" (p. 4). This "revolution" will be possible only if societies consider cost-effective measures to tackle climate change. Increasingly, geoengineering looks to be part of the portfolio of approaches required to solve climate change (Royal Society of London 2009). Geoengineering includes the development of high-end technologies such as sunscreens to deflect the sun's rays; the engineered capture of carbon dioxide directly from the atmosphere; and low-end T he 21st century is characterized by global change, complexity, and risk (Beck 1992) , as well as precaution, religiosity, and pluralism. Social systems now consist of many connected communities rather than one centralized, overarching body (Shivakumar 2005) . In theory, a diversity of interactions should lead to resilience (Folke 2006) , but it may also contribute to a sense of uncertainty and ambiguity. For instance, in the case of climate change, decisionmakers struggle to agree on an acceptable climate risk threshold, while others express with certitude that transgressing certain biophysical thresholds will lead to unacceptable environmental changes (Rockström et al. 2009 ). In the absence of robust scientific understanding of a problem, the social amplification of risk can occur (Beck 1992) . Stirling (2007a) noted in the context of genetically modified foods that "under the condition of ambiguity, it is not the probabilities but the possible outcomes themselves that are problematic" (p. 310). For instance, in the regulation of genetically modified food, ambiguities arise concerning ecological, agronomic, safety, economic, and social impact criteria (Stirling and Mayer 1999) . This might be the case even for events that are certain or have already occurred (Wynne 2002 , Stirling 2003 .
Despite the risks posed by global warming, such as intensification of droughts and flooding, sea-level rise, and greater frequency of intense storms and cyclones (IPCC 2007) , societies continue to allow carbon dioxide levels to rise. Scientists predict that atmospheric concentrations of carbon dioxide will soon rise above preindustrial levels to Articles carbon sequestration by natural regeneration of forests, soil management, and tree planting. Although the extent of emissions reductions associated with the planting and conserving of trees is considered relatively low, this approach is still viewed as a viable option in terms of cost and risk, with the exception of land conflict and biodiversity impacts (Royal Society of London 2009).
Some suggest that future climate solutions will also include the planting of vast tracts of genetically enhanced, super carbon-absorbing trees (Dyson 2008 ). This proposal is highly controversial given that over the past 30 years, rapid biotechnology development has resulted in a high rate of manipulation of organisms and the crossing of genes among natural species boundaries (CBD 2008) . Similar arguments have been voiced regarding the testing and marketing of genetically engineered crops over the past 20 years (Herring 2008) . However, crops were being grown then for food production, not for carbon sequestration. Energy costs and the "carbon costs" of production were not considered limitations for crop production. Moreover, biotechnology in agriculture is controversial for many other reasons. It has been suggested that farmers may be forced out of business if they do not grow genetically engineered seeds: "The attempt to prevent farmers from saving seed is not just being made through new Intellectual Property Rights laws; it is also being made through the new genetic engineering technologies" (Shiva 1999, p. 36) .
This article explores the feasibility, risks, and opportunities associated with bioengineering trees as part of a geoengineering solution to climate change. Although such approaches pose social risks, there are also many scientific unknowns that ought to be discussed to better inform societal choices. For example, I ask whether super carbon trees pose a real risk to society or are merely a chimera. What is the scientific basis for the case against these trees? And what are the social, economic, health, and ecological risks of genetically modified trees? Perhaps more important, What are the potential ways that societies may deliberate an ethical position on this? Can societies ensure that an ethically driven technology not only minimizes harm but also is helpful? For the sake of this article, ethics is defined as a set of morals or beliefs about morality-in other words, a "person's or group's…[set] of substantive beliefs about what is good or bad and right or wrong in relationships between people (and between societies, and human and other life)" (Gasper 2004, p. 18) . Ethics can also refer to the theories or principles that guide morals.
In this article I present the origin and development of the debate on bioengineered trees, followed by the key arguments for and against this option, derived from principles of resilience, risk, and precaution. The next section considers the feasibility, risks, and opportunities of bioengineered trees, including biological, socioeconomic, and health risks. I lay out and evaluate the full extent of the costs of applying biotechnology to short-term tree cultivation, as well as the benefits that this industry may provide and who will receive them. I also evaluate the environmental impacts of such a plan and the actual benefits for carbon sequestration. These evaluations are a critical first step to guide the progress of this new technology. This article draws on valuable insights from the Green Revolution to discuss the role that bioengineered solutions have played in the past. The final section also discusses the role of scientific networks as means for society to debate the ethics of different solutions to climate change.
The origins and status of bioengineering super carbon trees The following two sections discuss the origins of the super carbon trees and the status of their usage.
The origins of the super carbon tree. The first question to ask is, Why is it necessary to genetically engineer trees when conventional breeding has created many fast-growing tree varieties? Perhaps the driving force is a desire to invent new ideas and innovations to solve global problems rather than relying on existing methods such as conventional breeding. As private companies will likely benefit from the promotion of such technology, and will attempt to improve its public perception, it is necessary to critically evaluate the purported environmental benefits of genetic modification.
In theory, it would be possible to extend the idea of genetically modified trees to a "super carbon" tree species, and to commercialize it as a suitable tree for generating carbon credits on the carbon market. The idea of cultivating mythical super trees in a Petri dish is not necessarily a far-fetched fantasy; media reports suggest that the empress splendor, a tree native to China, is already being marketed in Canada as a suitable tree to offset carbon emissions (Jones 2009 , Reynolds 2009 ). This tree has gigantic leaves that absorb 10 to 20 times more carbon dioxide than a regular tree; it also yields knot-free premium hardwood logs in 7 to 10 years. In theory, such a fast-growing tree would be able to generate economic value through the sale of timber and the generation of carbon credits.
Most of the international response to global environmental change has been to look toward technological solutions (both biological and geological) rather than to socially engineer consumer behavior through taxes or levies (Schneider 2008) . In the 18th and 19th centuries, technological discoveries such as the printing press and antibiotics revolutionized science and societies. Such revolutions created new employment opportunities, increased health and well-being, and in some cases democratized societies (e.g., the abolition of slavery; Dyson 1999) . In today's world, the development of high technology, medicine, and communication has resulted in societal revolutions, but also unequal access for many individuals, especially for women and the poor (Dyson 1999) . The essential quandary is that technological development determines ethics, and not vice versa. A good example is the case of health care in the United States, where technology drives the ethic of a free market, which produces medical innovations that are out of the reach of poor people (Dyson 1999) . In the case of global warming, the development of biotechnology also has the potential to drive a free-market ethic. Biotechnology can be defined as "any technological application that uses biological systems, dead organisms, or derivatives thereof, to make or modify products or processes for specific use" (CBD 2003, p. 2) . Biotechnology companies are pioneering the development of particular traits for agricultural food crops such as maize, rice, and soy, as well as vaccines, pharmaceuticals, and transgenic trees for economic production and in some cases conservation purposes.
Some scientists, futurists, and private companies suggest that in the next 20 to 50 years, societies will develop genetically modified trees that are engineered to sequester large quantities of carbon dioxide from Earth's atmosphere (Dyson 2008) . "After we have mastered biotechnology, the rules of the climate game will be radically changed. In a world economy based on biotechnology, some low cost and environmentally benign backstop to carbon emissions is likely to become a reality" (Dyson 2008, p. 6 ). Dyson proposed that in the future, transgenic super carbon-absorbing trees could be planted in large quantities across drylands and wastelands in the tropics. The rationale for this argument is that biotechnology is considered a cost-effective alternative to taxes and levies that may curb economic development and growth. On the flip side, the social costs of failing to reduce carbon emissions must be weighed by society as well. The cost of bioengineered trees, no matter how large, should be viewed in relation to the costs estimated for other proposed projects, some which are estimated to lie in the region of $100 billion per annum (Schneider 2008) .
Dyson began promoting the idea of using plantations of "carbon banks" as a solution to global warming in the 1970s. Dyson (1977) asked whether in the case of acute catastrophic carbon dioxide accumulation it would be feasible to plant sufficient numbers of trees and other fast-growing plants to absorb the excess carbon dioxide. Although he acknowledged the oversimplification of his arguments and prescribed solutions, his aim was to spark "a mental preparation" for what was essentially an emergency strategy to lower carbon. Dyson wrote in his 1977 paper that growing trees could in theory offset the carbon generated by burning fossil fuels. He proposed that fast-growing trees could be planted on marginal lands across the world (to increase long-term forest growth to 0.4 tons of carbon per acre per year) and to intensely cultivate aquatic plants for peat conversion-in particular, water hyacinths for their hardy and fast growth. He also provided quantitative estimates of the size and costs of growing plantations designed to prevent the increase of carbon dioxide in the atmosphere. Dyson concluded that the key limitation to such an approach would not be availability of land or the financial costs but the availability of fertilizers and water. To ensure that trees receive water in marginal areas would require the extraction of water by pumps, which would emit carbon and deplete aquifers-a solution likely to pose problems for communities living with water-constrained conditions that are exacerbated by climate change.
The status of bioengineering trees. Although the notion of super carbon-absorbing trees may seem like a far-fetched fantasy, the status of genetically modified trees is growing globally. In order to overcome the limitations outlined previously, biotechnology companies have embarked on the development of genetically modified trees. It has been more than 20 years since the introduction of the first bioengineered tree (CBD 2008 ). In the United States, biotechnology companies have already embarked on the development of gene-manipulated trees in field trials. The United States has had the majority of the world's field trials (64%; Valenzuela et al. 2006 ) followed by France, Finland, New Zealand, China, and Brazil. In 2002, there were 24 field trials by year (figure 1).
By 2004 there were more than 210 approved field trials of genetically modified forest tree species, mostly in the United States (CBD 2008) . In 2007, there were more than 360 approved field releases of genetically modified forest tree species in the United States, with about 500 in total for all tree species (CBD 2008) . In the drylands of the northwestern state of Oregon, there are already 7200 hectares of cloned hybrid poplars grown by a Washington-based forest-products company called Potlatch (Mann and Plummer 2002) .
According to Mann and Plummer (2002) , the emergence of large-scale, mechanized plantations is just the start of a pending revolution in forest biotechnology. They also note that future avenues are much more controversial, because highly altered-intensity plantations will be stocked with genetically modified trees that will grow faster, use less chemicals to pulp, or have special timber properties. Scientists have already inserted genes for traits such as herbicide tolerance, pesticide resistance, and delayed flowering. The US Department of Agriculture has received applications to (Mann and Plummer 2002) . A common argument about the development of genetically modified trees is that in order to supply wood on a long-term, sustainable basis, societies need to invest in the development of high-yielding and short-rotational forests. Valenzuela and colleagues (2006) argued that the only alternative is the continued degradation of natural forests, and at a possibly increased rate, and an increase in pollution by wood substitutes. The reality, however, is that for forest biotechnology to be affordable (cost effective), reliable systems of massive micropropagation are needed (Valenzuela et al. 2006) . Moreover, others suggest that intensification does not necessarily lead to conservation of noncultivated land. For example, in Europe, simplified arable systems have been associated with a decline in biodiversity (Stoate et al. 2001) .
The idea of super carbon-absorbing trees has polarized scientific, political, and civil society views in several ways. Many environmentalists oppose grand-scale environmental manipulation schemes that may provide an excuse not to tackle underlying economic and political drivers of climate change. The reason for this opposition is that many environmentalists are concerned about environmental safeguards and minimizing environmental impacts, as well as social justice and the role of industry in dictating public policy. As a result, controversial technological interventions, such as bioengineered super carbon trees, could cause a backlash from environmentalists toward those who treat the atmosphere as if it were an "unpriced sewer" (Schneider 2008, p. 3847) .
Similar to the argument against transgenic crops (Thompson 2003) , the one against bioengineering trees is centered on risk and precaution, which are tied up with issues of preservation of nature, religiosity, and the politics of conservation. Bioengineering typically involves the modification of a single gene or gene complex associated with a trait of interest, often in the absence of full and detailed knowledge about its direct role in biochemical pathways or indirect interactions with other genes. The number of possible interactions is therefore too large and too complex to adequately predict, and so demands rigorous field testing. Relatively few experiments have been conducted to determine the effects of genetic modification on long-lived species such as trees (Halpin et al. 2007) . Understanding the risks of genome modification has been hampered by the time that it takes to conduct lengthy and potentially hazardous field trials. However, without sufficient data it is difficult to characterize with scientific certitude the potential risks associated with the use of genetically modified trees (Campbell and Asante-Owusu 2001) . Thus "many of the potential biodiversity issues raised to date may prove to be unimportant and other issues that currently have yet to be hypothesized may emerge" (Hayes 2001, p. 172) .
The debates on bioengineered trees Three key arguments against bioengineered trees stem from resilience, risk, and precautionary perspectives.
An important thread common to each argument presented against super carbon trees is the ethics concerning ecological risks to biodiversity and human displacement, as a consequence of trade-offs in land use.
Resilience argument. From an evolutionary and system perspective, the natural world is complex. Resilience theory stresses the importance and diversity of ways in which natural systems benefit humans. The argument against bioengineered trees is not about persistence and maintenance of form or function but resilience-that is, "the capacity of a system to absorb disturbance and reorganize while undergoing change so as to still retain essentially the same function, structure, identity and feedbacks" (Walker et al. 2004, p. 6) . Forty years of resilience science tells us that complex systems are typified by nonlinear dynamics, and that diversity and flexibility better enable systems to buffer and survive unknown changes. The science also suggests that the natural and human social worlds are interlinked and cannot be considered in isolation (Folke 2006) . The resilience argument suggests that ecological systems are vulnerable to reductionist, socially engineered solutions such as monoculture plantations. Strains optimized for biomass production often have greater water and nutrient requirements, and when planted as single strains en masse tend to be vulnerable to disease. The latter problem may necessitate a more liberal application of pesticides, further exacerbating biodiversity loss. In practical ways, resilience is about ensuring that solutions are flexible and guaranteeing as much redundancy in the system as possible; that is, that there is plenty of room for "backup" or alternative solutions to buffer perturbations that cause unknown changes. There is increasing evidence that social systems are also linked in complex ways to natural systems, and that technological solutions, if they are engineered to manipulate one part of the complex system, may result in effects that are potentially harmful to the function of another part of the system. One illustrative example is the positive feedback associated with the loss of trees in cloud forests. Because moisture from clouds is primarily precipitated within the canopies of trees, once trees are felled, the ensuing dry conditions can prevent the reestablishment of saplings necessary to the recovery of the forest (Wilson and Agnew 1992, cf. Folke et al. 2004) . Another well-established example is the eutrophication of lakes as a result of the overuse of nitrogen fertilizers. Excessive plant growth deoxygenates the water, which can eventually kill fish, typically the top predators, flipping the ecological system into a new, undesirable state (Olsson et al. 2004 ). If we choose to bioengineer trees as a solution to a systemic problem, we need to seek considerable knowledge of the consequences of introducing transgenic manipulation on the natural landscape and the impacts of fertilizers, pesticides, and irrigation systems.
Risk argument. Risk defines modern society (Beck 1992) . The perception of risk and the ability to control and minimize it is often based on assumptions and anecdotal evidence rather than scientific certainty (Stirling 2007b) . Another way to assess risk is to compare the risk of inaction with the risk of taking action. There is a popular belief that bioengineering will lead to a Kafka-esque future if it is undertaken in the absence of information to asses the risks of technological solutions (e.g., Rifkin 1998). For example, corporations will have performed the modifications to plants or trees, and the public therefore will not know what they are and what dangers they pose. In this sense, bioengineers have commonalities with the physicists in the 1940s who developed the atomic bomb: An absence of knowledge and precedent may have serious consequences for human populations. The ecological risks of bioengineered trees include the transfer of genetic material, and health and safety and environmental impacts through transgenic wood and seed dispersal (Mann and Plummer 2002, Valenzuela et al. 2006) .
Other risks include threats to and displacement of biodiversity. The possible consequences for ecosystems include transgenic transfer from trees across national borders and impacts on aquatic life. Transgene contamination, the risk that a transgene might be introduced into the genome of a related species, can increase the relative fitness of competitive, typically pest, species. However, some argue that it is difficult to assess such risks given that transgenic tree field trials have not been allowed to continue more than six years, a result of lobbying by environmentalist groups and certification restrictions (i.e., Forest Stewardship Council) that forbid the use of genetically modified trees, even under confined conditions (Valenzuela et al. 2006) .
Today, societies face the challenge of having to assess the full risks of large-scale planting of genetically engineered trees on, for example, biodiversity displacement, without adequate a priori information. Ethical considerations further obfuscate this task. It is not just a question of who controls the technology; it is also about who benefits economically from the technology and from the appropriation of marginal lands. The same corporations that market genetically engineered trees also manufacture the fertilizers, pesticides, and herbicides that must be used to grow these trees quickly. The biggest risk is the possible creation of even larger, more powerful, and more politically connected international fiber corporations that use carbon sequestration as a social tool for profiting from environmental degradation. A key concern is the knock-on effect of monoculture tree plantations on indigenous peoples effectively forced onto marginal lands. For example, the nongovernmental organization World Rainforest Movement opposes transgenic trees on the grounds that they will only exacerbate existing environmental and social problems, in particular for communities and women living near industrial plantations (WRM 2007 ).
Precautionary argument. The high degree of scientific uncertainty pertaining to transgenic trees and the urgency of the climate problem call for the precautionary principle. The precautionary principle is based on the premise that harmful activities that threaten human health or the environment need a precautionary measure, even though certainty between cause and effect is not fully established scientifically (Auberson-Huang 2002) . The precautionary principle has been variously interpreted on the one hand as vague and stifling of trade and innovation, and on the other as an important principle in the absence of adequate risk-assessment methodologies for evaluating a broad set of socioeconomic impacts and consequences of technologies (Auberson-Huang 2002) . In the absence of scientific certainty and in the presence of high complexity, the precautionary principle offers the opportunity to make decisions based on choices rather than on risk assessments that lack clear definitions of baseline levels of risk. The trade-offs are that in some cases the principle's results can be abused where the weight of uncertainty is too high and choice is influenced by an aggressive or biased political agenda.
The precautionary principle has been associated with the regulation and commercial use of genetically modified organisms and with broad questions such as, What is the purpose of developing a particular technology? Who controls the technology? How much does it cost? What is the trend of bioengineered solutions being developed and for whose benefit are they designed?
The precautionary principle originates in German environmental policy (Stirling 2007a) . It is stated in Principle 15 of the Rio Declaration on Environment and Development: "In order to protect the environment, the precautionary approach shall be widely applied by States according to their capabilities. Where there are threats of serious or irreversible damage, lack of full scientific certainty shall not be used as a reason for postponing cost-effective measures to prevent environmental degradation" (UNCED 1992 ). The precautionary approach has been championed by environmentalists and consumer protection groups, and resisted by the industries they oppose (Stirling 2007a ). In the context of developing countries, Jhamtani (2000) argued there are difficulties in proving that a particular genetically modified organism is not safe because proponents may demand proof that something will go wrong. Because bioengineering involves living beings that can mutate or change over time, it might not be possible to detect a risk until it is too late. Thus, the precautionary principle exists to prevent such disasters from occurring (Jhamtani 2000) . This is one example where in the absence of adequate baseline information for risk assessment, the precautionary principle provides some sense of security.
Some authors extend the precautionary principle to cover the social consequences of technology. For instance, Jasanoff (2006) suggested it is appropriate to make projections on the basis of what we already know. People tend to infer from the introduction of exotic tree species the likely consequences for bioengineered solutions or infer from the precautionary principle opposition to the "indefinite expansionary consumption trend" (Schneider 2008) . For example, Lang (2004) suggested that the negative social impacts of industrial plantations are driven by the demand for paper Articles products in the North. The precautionary principle argument concludes that under high uncertainty it is best to assume the worst-case scenario from existing knowledge.
Feasibility, risk, societal choice, and opportunities
This section aims to put into wider context the issues raised in this article, with a discussion of the feasibility, risks, and opportunities of bioengineered trees as part of a portfolio of climate solutions. In the context of climate change, scientists increasingly argue for geoengineering solutions (Royal Society of London 2009). The amount of carbon dioxide sequestered by bioengineered trees would be limited compared with hard technologies such as carbon capture and storage, or synthetic trees, which is a new carbon sequestration technology that mimics the function of trees, whereby artificial leaves extract carbon dioxide from the air (Adam 2008 )-an approach that may end up being more profitable. However, geoengineering technologies are generally considered a last resort to address excess carbon dioxide concentrations above 450 parts per million. Given the abatement costs of climate change, a range of solutions will have to be weighed carefully.
In the following discussion, the extent of costs of applying biotechnology to short-term tree cultivation are described and evaluated, in addition to the benefits that this industry may provide and who will receive them. The discussion examines whether super carbon trees are a merely an illusionary fantasy or a novel technological opportunity. The feasibility and risk of transgenic trees as a climate solution will ultimately depend on the costs and benefits of biotechnology innovations, and who will experience them.
Developing trees that are super carbon absorbers will require selection for faster growth rates. Experience from the genetic modification of crops suggests that manipulation of single genes promoting growth rate can have unintended consequences, such as reducing drought resistance. Negative pleiotropy or trade-offs are typically evident only under nonoptimal growth conditions. If bioengineered trees are to serve as an economically viable alternative to geoengineered solutions they will require the introduction of multiple genes to simultaneously manage carbon absorption, lignin production, and drought resistance. Ultimately, however, growth rate will be limited by a resource allocation tradeoff: In agriculture, selected fast-growing crops will typically require irrigation and additional fertilizers to realize their full potential. If water and additional nutrients are required by super carbon trees to grow on marginal lands, this carbon cost must be offset by the amount of carbon sequestered.
Unlike studies conducted on crops, no risk assessment to date can predict with any certainty the impact of releasing genetically modified trees on native biodiversity Phifer 2000, Snow et al. 2005 ). Valenzuela and colleagues (2006) suggested that there are numerous technical limitations particular to or notable for bioengineered trees. These include issues relating to the stability of transformations, stability of the gene and stability of the effect (promoters), taxon-specific gene expression, sterility of bioengineered trees, propagation (embryogenesis or organogenesis), and genetic development. However, even if all of the technical limitations in producing transgenic forest trees were overcome, the operational implementation is likely to be limited by economic restrictions because most of the genes and processes are covered by patents (Doering 2004 , cf. Valenzuela et al. 2006 . The cost of paying all these royalties remains largely unknown, as the genes' added value to the final product is often difficult to ascertain. Not being able to adequately calculate a return on investment for this technology presents a major economic hurdle for forest companies (Auberson-Huang 2002) .
The assumption is made (by industry) that harvesting trees (of any type) for timber or pulp is an excellent method of carbon sequestration, but this method is limited by energy costs, the "carbon costs" of production, and the fact that super carbon-absorbing trees are net carbon sinks. This raises the question of whether these trees make energy sense in terms of the ratio between carbon cost of production and the actual storage of carbon. Moreover, the lack of permanence of the sequesterd carbon is an issue, particularly if wood or paper is later burned. Certainly, for short-rotation mechanized plantations of trees grown for paper or biofuel production the costs of carbon sequestration may outweigh the benefits, particularly when accounting for the costs of planting, fertilizers, pesticides, irrigation, processing, and transport.
For fundamental physiological reasons, in order to be effective, trees will have to be planted in thermally favorable geographical regions-the tropics and subtropics. If trees are to be planted in drylands and wastelands, they will require the addition of fertilizers. Many tropical countries already rely on fertilizers for food production, which raises concerns about environmental hazards (Ayoub 1999) . Presumably this would also prove to be the case for super carbon trees.
Water requirements and availability will also be problematic. It is estimated that per capita food production from irrigated land in China through to India and Pakistan and the Middle East to North Africa is either already severely constrained by water shortages or will be so in the near future (Seckler et al. 1999 , cf. Tilman et al. 2002 . Nevertheless, one assumes that proponents expect genetic manipulation to take care of water requirements.
The limits to societal choice and regulation. There are many "wicked" problems (i.e., challenges that are messy and not easy to solve with conventional methods of scientific inquiry; Funtowicz and Ravetz 1993) regarding biotechnology and the bioengineering of agriculture and crops. In this case, the focus is on the bioengineering of trees to absorb vast quantities of carbon dioxide as a solution to global warming.
Although the ideal of respecting peoples' choices concerning biodiversity and poverty tends to be promoted, the goal of At the international level, regulatory standards already exist for evaluating biotechnology, such as the Cartagena Protocol and standards to measure the ecological and social impacts of carbon forest projects under the United Nations Framework Convention on Climate Change (modalities and rules in appendix E), as well as the Forest Stewardship Certification and voluntary standards such as the Climate, Community and Biodiversity Alliance. There is little evidence to suggest that bioengineering would pass muster with international standards or guidelines as a serious climate solution now, but this might change if climate change becomes a more urgent threat in coming decades. There is also a multitude of measures to counteract poor science and practice, in particular the Convention on Biodiversity and various other nongovernmental organizations and indigenous groups. More interesting, bioengineering and geoengineering solutions could raise social resistance. For example, in India, the introduction of biotechnology has led to a strong popular countermovement, which could risk general acceptance of other useful new technologies.
Opportunities for carbon sequestration as a climate solution.
Opportunities for carbon sequestration as a climate solution are likely to come through science and an ethic that drives technology development around carbon trees. Although some believe that solutions to environmental problems lie in "individual visioning, networking, truthtelling...[with] faith for humanity" (Meadows et al. 1992 , cited in Cole 1999 , the challenge will be to ensure that technology development solutions are also based on ethics that drive forward markets, technology, and science, and not vice versa. So far the market in carbon trees has been focused on the development of technologies and science, driven by the need to correct for failures of the market. For example, early Kyoto Protocol Clean Development Mechanism (CDM) forest projects were criticized for their lack of contributions to social development and negative environmental impacts (Lohmann 2008) . In response, governance reforms now rectify the shortcomings of the CDM to remediate the negative social and ecological consequences of various green technologies, including early tree-planting projects. There exist standards for CDM forest projects, such as the Climate, Community and Biodiversity Alliance, that move beyond a market ethic toward an integrated ecological and social development ethic. This is what Dyson called "personal attention," or a fairer distribution of costs and benefits.
In the case of crop biotechnology, Thompson (2003) noted that controversies were addressed by network coalitions of scientists and local politicians and other groups. In that case it was important to "put back" the science into the debate. The transfer of learning about the ethics, values, and risks surrounding new technologies will be important to the societal dialogue about the real threats of bioengineered or geoengineered solutions to climate change. Practical lessons can be transferred from the experience of international development, tackling climate change will ultimately prevail as a matter of global urgency because of its speed and scale. The needs of the poor and the need for nature conservation will limit the use of genetically modified trees. We also must consider the cost of the infrastructure for planting (and harvesting the trees for processing into fuel). Perhaps the investment in bioengineered trees as a solution to climate change will be driven by politics rather than by science or environmental concerns. For example, a large emerging economy such as China might be tempted to invest in such technology if it is required to reduce its emissions both substantially and quickly under a new internationally negotiated climate protocol.
Who will stand to win and who stand to lose? To answer this question will require detailed information about the kinds of regulatory structures and standards that currently exist to monitor investments made by biotechnology companies. The challenge of regulation is of particular concern in areas governed by weak states and where international guidance is absent.
One example of the limitation of societal response to crisis is the Green Revolution. In response to urgent famine in India in the 1970s, scientists developed extremely drought-resistant rice varieties that could withstand harsh growing conditions. The outcomes of the Green Revolution resulted in grand polarizations. Some gained and others lost. It is argued that women in particular lost as a result of the introduction of cloned rice varieties. Some suggest an increased incidence of long-lasting health impacts resulting from pesticide storage and contamination of drinking water, whereas others argue that the Green Revolution has raised the health status of between 32 million and 42 million school children in India (Evenson and Gollin 2009) . The long-lasting ecological and social impacts of the new technologies introduced have been strongly criticized (Altieri 2009 ). Other consequences include the loss of genetic diversity within crops and the reliance on a few genetic varieties (Hazell 1985) . Each of these issues is applicable to the case of genetically engineered trees.
From a resilience perspective, the Green Revolution illustrates the long-lasting effects of socially and ecologically inappropriate technologies. The Green Revolution is a wellknown example of expert-led policy, in which scientists and consultants pushed for a particular direction in development (Long and Long 1992) . From a risk and precautionary perspective, we can ask questions about who lost and who gained from that revolution.
The grand idea of super carbon-absorbing trees as a solution to global warming faces many criticisms. While the idea is far fetched in many ways, it also offers an opportunity to discuss difficult matters that confront societies and their choices. For instance, what will occur if the urgency of climate change pressures governments to prematurely implement potential technological solutions such as biotechnology? Once the cap on carbon is squeezed, policymakers may look to the role of forest plantations already a part of the Kyoto Protocol's Clean Development Mechanism. where the new model of science and technology is now focused much more on networks of learning and building up local capacity and institutions (see, e.g., the Millennium Science Initiative; Wamboga-Mugirya 2006). The new model in international development also includes articulating the values of objective experimentation, evidence-based results, culture and power of science, networks, and helping to adapt and adopt innovations from elsewhere. Although societies rely upon technological advances and the development of tools such as the printing press, steam engines, medicines, and mobile phones, it is important to maintain a balance between science and civil society. Social science and the engagement of multiple perspectives remain absent in many cases.
Conclusions
This article set out to present the origin and status of bioengineered super carbon trees and to explore key debates surrounding such technologies. I also discussed the implications of such technologies for society in terms of feasibility, risk, and opportunity. The article shows that in the absence of "good" science, society is often forced to make inferences from past experience. The challenge is also to infer from present values with regard to possible limits of our societal responses to unknowns. The resilience lens shows that the nature of complexity in systems is imperfect, and that shortterm thinking often overrides long term. The thought of super carbon trees is in many ways a chimera, or a fanciful fabrication; however, as an idea it illustrates a gap in our understanding of scientific complexity, uncertainty, and the thresholds and tipping points in how society makes choices. Ultimately, in the absence of knowledge precautionary approaches will tend to prevail.
